Material and Methods
Chemicals and reagents Proanthocyanidins (98% purity) was purchased from Tianjin Jianfeng Natural Product R&D Co., Ltd.
(Tianjin, China). Sodium dodecyl sulfate (SDS), Tris, TEMED, β-mercaptoethanol, Coomassie Bright Blue R-250, and electrophoresis marker were obtained from Solarbio Chemical Co.
(Beijing, China). Pepsin and trypsin were purchased from Sigma Chemical Co. (Shanghai, China).
Isolation and purification of red bean (adzuki) seed ferritin
Red bean (adzuki) ferritin and apo Red bean (adzuki) ferritin (apoRBF) was extracted and purification as previously described (Deng et al., 2010; Yang et al., 2014) . The molecular weights of apoRBF were estimated by native PAGE using an 8% polyacrylamide gradient gel employing pH 8.3) as running buffer, and the electrophoresis was run at 5 mA for 15 h, at 4℃. SDS-PAGE was applied to determine protein purity under denaturing conditions using 15% gels and the electrophoresis was run at 15 mA. Ferritin concentration was determined according to the Lowry method using BSA as a standard.
Preparation of FPs
FPs was prepared by taking the advantage of the reversible assembly of ferritin (Kim et al., 2011) . PCs were a class of polyphenol compounds that were stable under acidic condition and were easily degraded under alkaline conditions. Thus, in order to insure the stability of PCs, the preparing scheme is selected to operate under acid condition, and the scheme was shown in Fig.2 . PCs was dissolved in deionized water to make an aqueous solution with a final concentration of 7.0 mg/mL and stored in amber bottles at 4℃. Specifically, the pH value of apoRBF solution (5 mL, 0.56 g/mL) was adjusted to 2.0 by addition of HCl (1.0 M) to disassemble ferritin into subunits. Then the denatured apoRBF solution was stirred slowly for 30 min (20℃) under magnetic stirring. PCs aqueous solution was added to above apoRBF solution with the PCs/ apoRBF mass ratio (w/w) of 1/2, 1/5, 1/10, 1/15, 1/20, 1/ 25, 1/30, respectively. After 10 min, the pH of reaction solution was gradually increased to 6.8 with NaOH (1.0 M), and the resultant mixture solution was incubated at 4℃ for 2 h in the dark to induce the reassembly of the ferritin cage. After this process, the PCs may be trapped inside of the ferritin cavity because the pore size of ferritin channels (0.3 nm in diameter) was less than the size of PCs molecule. The resulting mixture solution was then dialyzed (10 kDa cutoff) against Mops buffer (20.0 mM, 0.15 M NaCl, pH 6.8) four times at 6.0 h intervals, and the unbound PCs were removed from the mixture by diffusing out of the dialysis bag because the MW cut-off of membrane was much larger than that of the PCs. Finally, the suspension was filtered through 0.45-μm hydrophilic cellulose membrane filters, and a clarify FPs solution was obtained and then stored at 4℃.
On the other hand, ferritin-PCs mixture was prepared by simply mixing of PCs and apoRBF in a certain mass ratio without disassembly of the protein cage, followed by the same dialysis step to FPs. The PCs may associate with outer surface of protein shell and was used as control sample for further experiment. 
Transmission Electron Microscopy (TEM) Analysis

Dynamic light scattering (DLS) analyses DLS experiments
were performed using a dynamic light scattering instrument (Malvern, UK), at 25℃. The samples with a final ferritin concentration of 0.4 mM were allowed to stand for 2 h prior to DLS measurement to ensure the reactions were complete.
Fluorescence spectra The fluorescence spectra of the PCs and FPs (PCs/apoRBF =1/10, w/w) samples were scanned using the RF-5301PC Spectrofluorophotometer (Shimadzu, Japan). The excitation wavelength was set at 290 nm, and emission wavelength was scanned from 290 nm to 500 nm at 25℃. Experiments were carried out in triplicate.
PCs encapsulation efficiency measurements The content of
PCs was determined using the BuOH-HCl-FeIII method (Chen et al., 2016) , and the absorbance of the samples were read at 550 nm using an 8453 UV-visible spectrophotometer (Agilent, USA). To determine the PCs content encapsulated in the ferritin cage, FPs samples were adjusted to pH 2.0 by addition of HCl (1 M) to disassemble the ferritin into subunits, resulting in the release of the PCs, followed by transferring into an Amicon Ultra-3K centrifugal filter device (Pall Corp.) . After centrifugation at 8000 rpm for 20 min, PCs penetrated through the membrane into the centrifuge tube, which was determined by the PCs standard curve. The encapsulation ratio (%) was calculated according to following equation (1).
Encapsulation ratio (%) = (Encapsulated PCs / Total PCs used) × 100% ······Eq. 1
Thermal stability measurements The photo and thermal stability experiments were performed as previously reported with some modifications . Briefly, to evaluate the stability of PCs encapsulated in ferritin exposed to UV radiation, conditions were established as recently described (Zhao et al., 2011; Wada and Bo, 2014) . Specifically, 40 mg of pepsin was dissolved in 2 mL HCl solution (1 mM) to prepare a 2% SGF, whereas SIF consists of 4 mg/mL trypsin buffer with potassium dihydrogen phosphate (8.00 g L _ 1
), pancreatin (4.76 g L _ 1
), and bile salts (5.16 g L _ 1 ) in the fluid. Firstly, pepsin-free SGF (2 g NaCl and 7 mL 32% HCl were added to 1 L distilled water) was placed in a heated water bath (37℃), FPs (0.56 mg/mL, PCs/apoRBF =1/10, w/w) and pepsin (2%) were added to the above simulated gastric fluid solution (8 mL) and the pH was adjusted to 2.0 by addition of HCl (1.0 M), and incubated in a water bath at 37℃.
This gastric incubation was continuously stirred for 2.0 h, and lipid (0.2 mL) was collected at 0 to 120 min for released PCs quantification. Then, the pH of above digestion fluid was adjusted to 7.5 by addition of NaHCO 3 (0.5 M), and 6.25 mL of SIF was et al., 1991; Zhang et al., 2014) . Thus, if the ferritin cavity was encapsulated with PCs molecules, there may be no or less black uranium cores forming within the cavity due to the prevention of the entrance of uranyl acetate into the ferritin. As expected, "white" nanoparticles with black uranium-containing cores disappeared within almost all FPs molecules (Fig. 5C ). Additionally, TEM differences between ferritin-PCs mixture (simply mixed without reversible assembly of the ferritin, with black uranium cores) (Fig. 5D ) and FPs (without black uranium cores) (Fig. 5C ) could eliminate the possibility that the PCs only bound to the surface of the ferritin cage after disassembly. Thus, the PCs molecules were successfully encapsulated within apoRBF ferritin inner cavity, and the spherical morphology was not obviously changed after encapsulation.
The hydrodynamic radius (R H ) of the apoRBF and FPs samples
was further detected by DLS. The changes of relative intensity peak area represented by R H on size distribution can approximately reflect the changes in the relative amounts of different scattering objects . This result was in good accordance with the TEM image (Fig. 5E ) that only one population (7.7 nm) was evident in the scattered light intensity distribution curve of apoRBF, whereas the FPs exhibited a similar R H of 8.0 nm but with a small portion of complexes at 29.3 nm, which might result from slight aggregation of FPs induced by PCs.
Stability of PCs in FPs against photo-and thermal-processing
Phenolic compounds such as PCs are usually not chemically stable, and their bioavailability and biological half-life are usually significantly influenced when exposing to light, heat and oxidation (Cheynier et al., 1990; Liazid et al., 2007) . To evaluate the protective function of the ferritin cage, the residual ratios of PCs in FPs during photo and thermal treatments were compared, and free
PCs were used as a control sample. As for UV and natural light treatments (Fig. 6) , it was observed that both PCs in FPs and free
PCs undergone different extent of degradation during storage.
Briefly, a rapid degradation of free PCs was observed with residual ratios of only 42.67% after UV treatment over 48 h, which was significantly lower than that of FPs (57.73%) (P < 0.05) (Fig. 6A) .
Similarly, upon natural light processing, the residual ratios of PCs in FPs (67.73%) was significantly higher than that of free PCs (52.67%) in 48 h (P < 0.05) (Fig. 6B) . On the other hand, after incubation at 37℃ for 48 h, the residual ratio of free PCs was decreased to 55.67%, however, this value was significantly lower than that of FPs (75.25%) (P < 0.05). The 50℃ treatment also displayed a similar trend of residual ratios for free PCs and PCs in FPs (Fig. 6D ). It should be noted that higher temperature treatment (50℃) could highlight the protective function of the ferritin cage, because the PCs in FPs showed a more mitigative degradation trend, rather than a rapid degradation of free PCs. These results indicated that the PCs degradation in FPs was reduced, and the ferritin cage showed a protective function to improve the stability of PCs upon photo-and thermal-processing.
It has been reported that PCs was sensitive to surrounded factors such as metal ions, oxidizing agent, light, and thermal treatment, resulting in the degradation and lose of bioactive functions (Liazid et al., 2007; Zou et al., 2012) . To encapsulate PCs and thus inhibit its degradation by certain methods is necessary. In this work, the primary reasons of the protective effect of ferritin for PCs may be manifested in the following aspects.
Firstly, it has been revealed that spherical ferritin shell was stable and kept intact against thermal treatment even at 80℃ for 10 min, indicative of a high thermal stability (Stefanini et al., 1996) , thus, the ferritin can act as a physical barrier which would effectively insulate the PCs from external temperature changes in food processing system. Another reason may lie in the ferritin-PCs interaction, such as hydrophobic interactions or van der Waals, these weak forces may contribute to the resistance from photo-and thermal-degradation (Qian et al., 2012) . Therefore, ferritin as a natural nanocarrier is potential for the stabilization of bioactive molecules in food industry.
PCs release from FPs in gastrointestinal tract
The release behavior may influence the absorption and bioavailability of one targeted polyphenol in gastrointestinal digestion (Pei et al., 2012) .
Reports have shown that the polyphenols are susceptible to digestive liquid substances (such as pepsin and trypsin), which may lead to structural damage or degradation (Tenore et al., 2015) .
Decorating of the PCs with the ferritin cage might influence its release in the gastrointestinal tract. In this work, the release properties of PCs in simulated gastrointestinal tract were evaluated and free PCs were used as a control sample. As shown in was changed as a result of the ferritin _ PCs interaction. As compared with the apoRBF, the significantly higher values of DPPH radical-scavenging ability for ferritin _ PCs complexes might result from the hydrogen bonds that were formed between hydrogen atoms in the hydroxyl groups of PCs with the electronegative atoms of interior surface of ferritin. Upon the formation of the FPs, the hydrogen bonds between PCs and apoRBF may weaken the covalent bonds between hydrogen and oxygen in the hydroxyl groups, which in turn may facilitate the hydrogen donation by the hydroxyl groups of PCs (Nguyen et al., 2013) . In spite of this, it must be noted that 2 nm thickness of the ferritin can weaken the improved hydrogen donation ability of PCs in FPs, resulting in the relative lower DPPH radical scavenging ability of
FPs as compared to free PCs.
Conclusion
In this study, by using the reversible assembly characteristics of ferritin, homogenous dispersion of FPs were fabricated. Results indicated that proanthocyanidins were successfully encapsulated into the ferritin cage, and the encapsulation ratio was up to 23.2%.
Compared to the free PCs, the light and thermal stability of the PCs in the FPs was significantly increased. In addition, the in vitro digestion indicated that the ferritin cage could prolong the release of PCs in the gastrointestinal tract. Further more, the antioxidant activity of FPs was still retained but was lower as compared to that of free PCs molecules. We believe that ferritin as a natural nanocarrier is beneficial for the stabilization of bioactive molecules.
This work provides a novel method to encapsulate food resource active ingredient and is worthy of further investigation with great potential.
